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"he  Electrochemistry  of  Molten  Lithiun 
Chlorate  and  Its  Possible  Use  Witn 
Litnium  in  a  3atsery 


Su-Chee  Simon  Wang-"  1  and  Douglas  ‘i.  Bennio.n^' 
Chemical  Engineering  Department, 
University  of  California,  Los  Angeles  5002- 


ABSTRACT 


Lithium  chlorate,  LiCIO-,  has  a  reported  melting  point  of 

L  J 

127. 6°C  or  129^0.  The  specific  conductance  of  molten  lithium  chlorate 
is  relatively  high  compared  to  most  electrolytic  solutions  used  at 
room  temperature.  Therefore,  lithium  chlorate  offers  the  chance  to 
operate  a  new  lithium  battery  system  at  a  temperature  between  130^0 
and  150^C.  It  is  found  from  experiments  tnat  lithium  chlorate  is 
stable  in  tne  potential  range  between  3.2  V  and  A. 5  V  relative  to 
a  Li  reference  electrode.  A  Li-Cl9  secondary  battery  system  has  an 
open  circuit  potential  of  3.97  V,  making  a  Li-C;9  secondary  battery 
in  molten  lithium  chlorate,  in  principle,  possible.  A  lithium-lithium 
chlorate  primary  battery  system  is  also  possiole.  Lithium  negative 
electrode  performance  is  hindered  by  corrosion  and  pcssiole  runaway 
reactions  with  LiCiO^  and  dendrite  formation  on  charging.  The  solubility 
cf  Li90  and  Li C  1  in  LiClO^  at  145^C  is  £9^  rr. o  1  /(craj1  and 
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Lithium,  with  low  equivalent  weight  and  large  negative  electro¬ 
chemical  potential,  is  an  attractive  choice  as  a  negative  electrode 
for  batteries  of  high  specific  energy  and  power  density.  Two  types 
of  nonaqueous  lithium  Dattery  systems  have  been  developed,  ambient 
temperature  and  high  temperature  systems. 

Compared  to  the  ambient  temperature  systems,  tne  high  temperature 
systems  have  the  advantage  of  higher  power  ojtput  capacity  because 
of  the  higher  conductivity  and  the  faster  electrode  kinetics  associated 
with  molten  salt  electrolytes  used  in  high  temperature  systems.  However, 
disadvantages  for  high  temperature  systems  are  heated  up  in  the  starting 
up  stage  and  tne  material  problems  of  sealing  and  separation.  Looking 
for  a  molten  salt  electrolyte  which  works  at  a  lower  temperature, 
e.g.,  below  200°C,  might  be  one  of  the  alternatives  to  solve  the  material 
problems. 

Lithium  chlorate,  Li C 1 0^ »  has  reported  melting  point  about 
12S°C  (1,  2).  Therefore,  lithium  chlorate  offers  the  chance  to  operate 
a  new  battery  system  at  a  temprature  between  130°  and  I50°C.  The 
specific  conductance  of  molten  lithium  chlorate  varies  from  0.1150 
(ohm  cm)‘l  at  131. 8°C  to  0.1420  (ohm  cm)"^  at  143.01°C  (3). 

It  is  reported  by  Markowitz  et  al.  (4)  that  after  two  days 
of  heating  a.  a  temperature  of  1 3 5°C  under  flowing  argon,  only  0.46% 
litnium  chlorate  was  decomposed  to  either  lithium  chloride  (0.06%) 
or  lithium  perchlorate  (0.40%/.  It  was  also  reportec  that  tne  fast 
exothermic  decomposition  takes  place  at  about  376°C.  Litnium  chlorate 
at  aoout  140°C  is  believed  to  have  good  thermal  stability. 
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In  preliminary  experiments,  lithium  could  be  successfully 
deposited  and  discharged  reversibly  on  different  inert  negative  electrode 
substrates  including  lithium,  nickel,  stainless  steel,  and  platinum. 
All  of  these  substrates  are  believed  to  be  stable  in  molten  lithium 
chlorate.  However,  the  formation  of  a  lithium-platinum  alloy  embrittled 
the  platinum  substrate. 

The  cathodic  reaction  occurring  on  the  surface  of  an  inert 
positive  electrode  during  discharging  is  believed  to  be  the  reduction 
of  lithium  chlorate  to  lithium  oxide  and  lithium  chloride. 

Li  CIO,  +  6  Li+  +  6  e"  -  LiCl  +  3  Li,0  (i) 

-J  /  r  r  \  C 

E°  =  3.241  V  ’  '  (relative  to  Li  ref.  electrode) 

The  various  anodic  electrochemical  reactions  which  are  expected  c-n 

the  surface  of  a  positive  electrode  during  charging  are 

Lio0  -  2  Li+  +  09  +  2  e"  (2) 

E°  =  2.903  V  '  '  (relative  to  Li  ref.  electrode) 

LiCl  -  Li+  +  %  Cl,  +  2  e"  (2) 

E°  =  3.976  V  ^  (relative  to  Li  ref.  electrode) 

LiC103  -  Li+  +  h  Cl2  +  |  02  +  e"  (4) 

electrode)  ^ °  ~  ^  (frotri  experimental  data,  relative  to  Li  ref. 

In  the  present  study,  inert  materials  which  can  be  used  as 

positive  or  negative  electrodes  in  molten  lithium  chlorate  were  studied. 
At  different  discharging  states,  the  polarization  experiments  were 
conducted  at  various  rotating  disks,  Ni  and  Pt,  to  study  the  effects 
of  discharging  products,  presumably  Li^O  and  LiCl,  on  polarization 
curves.  The  electrolyte  was  also  analyzed  a:  different  changing  and 
discharging  states  to  investigate  the  possiole  in\ol ver.ent  of  reactions 
(1),  (2),  (3),  and  (4)  on  inert  positive  electrodes.  Gas,  evolving 
from  the  positive  electrode  during  charging,  was  collected  ana  ana'yzed 


as  a  compliment  to  the  information  obtained  from  liquid  pnase  chemical 
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analysis.  The  potential  range,  at  which  molten  lithium  chlorate  is 
el ec troc hemi ca 1 ly  stable,  is  discussed.  Tne  possibility  of  using 
lithium  chlorate  as  the  electrolyte  in  a  primary  and  a  secondary  lithium 
battery  is  considered. 
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Experimental 

Lithium  chlorate  used  in  all  experiments  was  prepared  as  described 
by  Campbell  and  Griffiths  (7).  A  1.0  M  solution  of  barium  chlorate 
was  heated  to  85 °C.  Tnen  a  1.0  M  solution  of  lithium  sulfate  was 
added  slowly  until  equivalence  was  reached.  Tne  precipitated  oarium 
sulfate  was  removed  by  filtration.  The  lithium  chlorate  solution 
was  evaporated  slowly  under  1  cm  Hg  pressure,  tne  temperature  being 
kept  below  85°C,  up  to  an  approximate  concentration  of  90%  lithium 
chlorate.  The  concentrated  lithium  chlorate  solution  was  then  transferred 
into  an  argon  atmosphere  glove  oox  and  heated  to  1 3 0°C  under  50  -m 
Hg  pressure  for  four  weeks.  Using  this  process,  the  "dried"  litnium 
chlorate  melted  between  I26°C  and  128°C.  According  to  the  chlorate- 
water  phase  diagram  proposed  by  Krauss  et  ai.  (8),  tne  melting  point 
of  lithium  chlorate  between  126°C  and  128°C  corresponds  to  a  water 
content  of  less  than  0.5%.  Lithium  chlorate  is  known  to  be  extremely 
hygroscopic  (8).  Although  the  water  content  in  lithium  chlorate  was 
0.5%  or  less,  no  gross  effects  associated  with  water  were  observed. 
The  50  pm  of  Hg  pressure  in  the  drying  chamber  was  mostly  argon  leaking 
into  the  flask.  Thus,  the  partial  pressure  of  water  was  some  small 
fraction  of  50  urn  of  Hg  at  130°C. 

The  polarization  experiments  were  conducted  in  rotating  disk 
cells.  The  rotating  disk  cell  was  composed  of  a  glass  cylinder  3/4 
inch  in  diameter  and  1  and  1/2  inch  high,  to  accommodate  both  tne 
rotating  disk  ana  molten  lithium  chlorate.  Two  glass  tubes,  0.6  cm 
in  diameter,  were  connected  to  the  cylinder  at  the  bottom  accommodating 
a  lithium  counter  electrode  in  one  tube  and  a  lithium  reference  electrode 
in  the  otner.  Small  sintered  glass  blocks  1/2  inch  snick  were  embedded 
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inside  the  0.6  cm  tubes  to  separate  the  main  cylinder  from  one  ionium 
counter  electrcce  and  the  reference  electrode,  \ickel  anc  platir.um 
rotating  disks  were  employed.  The  nickel  rotating  disk  was  made  cf 
a  nickel  rod,  1/8  inch  in  diameter  and  1  and  7/8"  long,  held  inside 

a  teflon  sleeve  0.3  inch  in  diameter.  The  platinum  rotating  cis.< 

was  made  of  a  platinum  wire,  0.051  inch  in  diameter,  surrounded  dv 
a  0.3  inch  diameter  teflon  sleeve  and  supported  by  an  aluminum  rod, 
1/3  inch  in  diameter. 

The  rotating  disk  cell  was  placec  on  a  hot  plate  surrounded 

by  a  heavy  aluminum  tube,  1/4  inch  wall  thickness,  forming  a  cavity 

whicn  is  at  a  reasonably  constant  temperature,  *  i°C.  Temperature 
was  measured  using  an  iron-constantan  thermocouple.  The  temperature 
was  kept  at  145°C  during  experimental  runs.  About  6.5  grams  of  pure 
lithium  chlorate  was  added  into  the  main  cylinder.  The  two  side  arms 
were  half  filled.  Two  lithium  ribbons,  one  inserted  into  the  counter 
electrode  compartment  and  the  other  inserced  into  the  reference  electrode 
compartment,  were  held  in  position  by  two  teflon  stoppers.  Then  the 
rotating  disk  electrode  was  dipped  into  tne  molten  lithium  chlorate 
contained  in  the  main  cylinder.  Tne  rotating  speed,  controlled  by 
an  adjustable  motor,  was  generally  kept  at  1000  rpm,  but  sometimes 
varied  between  1000  and  1300  rpm. 

Ail  experiments  were  performed  in  an  argon  filled  glove  box, 
Model  HE-243-2  DR  1  La3,  which  was  supplied  by  Vacuum  Atmosphere  Corporation. 
The  impurity  levels  cf  oxygen  and  water  can  be  estimated  by  measuring 
the  life  of  a  25  watt  light  bulb  tungsten  filament  in  the  glove  box. 
The  light  burned  for  a  month,  indicating,  according  to  the  operating 
manual  of  the  dri-lab,  that  the  oxygen  plus  water  content  was  between 


i  and  5  ppm.  The  temperature  within  the  glove  box  *03  <ept  at  29 
1  1°C. 

The  circuit  is  ccmposea  Gf  a  potentiostat  and  an  ammeter  for 
measuring  the  current,  connected  in  series  with  the  experimental  cell. 
A  digital  voltmeter  was  connected  between  the  rotating  disk  electrode 
and  the  lithium  reference  electrode  for  measuring  the  potential.  All 
of  the  polarization  curves  were  obtained  potentiostatical ly. 

The  chemical  analysis  for  chloride  ions  and  oxide  ions  suggested 
by  Markowitz  (5)  was  employed  to  investigate  the  involvement  of  lithium 
chloride  and  lithium  oxide  in  the  electrochemical  reaction,  occurring 
on  the  positive  electrode  of  a  litnium  chlorate  cell.  After  coargi.og 
and  discnarging  at  various  potential  plateaus  observed  in  the  polarization 
experiments,  lithium  chlorate  electrolyte  was  sampled  and  dissolved 
in  distilled  water.  The  oxide  content  was  determined  by  titration 
to  tne  pnenopnthalei n  end  point  with  hydrochloric  acic;  chloride  content 
was  determined  gravimetrical  ly  as  AgCl.  Tine  Ni  content  in  the  electrolyte 
was  measured  using  a  Perkin-Elmer  Atomic  Absorption  Spectrometer . 

Gas,  often  observed  evolving  from  the  positive  electrode  during 
charging,  was  collected  and  analyzed  as  a  complement  to  the  information 
obtained  from  liquid  phase  chemical  analysis. 
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Resul ts 


In  the  first  polarization  experiments,  6.3035  grams  of  fresh 
lithium  chlorate  were  added  into  tne  main  cylinder  cf  a  rotating  disr. 
cell.  A  Ni  rotating  disk,  polished  before  using,  was  then  dipped 
into  molten  lithium  chlorate  electrolyte  and  left  standing  no:  until 
the  open  circuit  potential  reached  a  steady  state,  in  Figure  1,  the 
anodic  polarization  curve  in  fresh  lithium  chlorate  is  shewn.  Discnarg-ng 
or  cathodic  reaction  of  the  lithium  chlorate  was  conducted  afterwards 
employing  a  Ni  plate  1  cm  x  I  cm  area  in  the  main  cylinder  anG  running 
current  between  the  Ni  plate  and  the  Li  counter  electrode.  At  different 
discharging  stages  of  the  electrolyte,  after  2C0,  500,  1000  micro 
equivalents  discharged,  anodic  polarization  curves  were  obtained  on 
a  freshly  polished  Ni  rotating  disk.  These  curves  are  shown  in  Figure 

2.  After  1500  micro  equivalents  discharged  from  tne  lithium  chlorate, 
tnree  anodic  polarization  curves  were  run  on  a  Ni  rotating  disk,  the 
first  one  right  after  discharging,  the  second  two  hours  after  discharging, 
and  the  third  twenty  hours  after  discharging.  The  disk  was  polished 
before  the  first  run  and  left  standing  in  molten  lithium  chlorate 
afterwards.  These  three  curves  are  shown  in  Figure  3. 

Comparing  Figure  1,  2,  and  3  shows  that  the  first  plateau, 
3.0  V,  appeared  in  Figure  2  after  1000  micro  equivalents  dischargee. 
However,  this  plateau  was  partially  or  completely  eliminated  in  Figure 
3  after  tne  Ni  rotating  disk  was  left  standing  hot  in  mo ; ten  lithium 
chlorate  for  two  or  twenty  hours,  respectively.  It  was  also  observed 
that  the  second  plateau,  3.5  V  in  Figure  1  or  3.3  V  in  Figure  2  and 

3,  extends  further  after  discharging.  Tne  4.7  V  plateau  or  tne  third 
p.  ateau  appeared  at  a  lower  potential  when  freer  litni.m  cnl  crate 
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was  used  as  the  electrolyte. 


In  the  second  set  of  experiments,  5.443  grins  of  fresh  lithium 
chlorate  was  added  into  the  main  cylinder  of  a  rotating  disk  cell. 
After  400  micro  equivalents  was  discharged  from  the  electrolyte  using 
a  iNi  plate  1  cm  x  1  cm  area,  anodic  polarization  experiments  were 
run  on  a  oolished  Mi  rotating  disk  at  different  rotating  speeds.  In 
Figure  4,  anodic  polarization  data,  with  -  1000  rpm,  1200  rpm,  1500 
rpm,  and  1300  rpm,  are  shown.  It  was  found  t.nat  the  limiting  current 
obser/ed  between  the  second  and  tne  third  plateaus  obeyed  t.ne  square 
root  'aw,  i.e.,  I  «•  of  Levich’s  Equation  (3) . 


Tne  lithium  chlorate  electrolyte  was  : her  farther  cisc.nargec 
using  the  Hi  plate.  At  various  discharging  stages  of  the  electrolyte, 
530,  520,  and  704  micro  equivalents  discnarged,  anodic  polarization 
curves  were  taken  on  a  polisned  ,\i  rotating  disk.  Tne  limiting  current 
observed  on  anodic  polarization  curves,  shown  in  Figure  5,  '•eacneo 
a  constant  value  of  290  ;A  afte-  620  micro  equivalents  discnarged. 

Cathouvo  polarization  curves  were  also  taken  i n  the  electrolyte 
after  704  micro  equivalents  discharged.  Tne  cur/es,  shown  in  Figure 
5,  indicated  that  the  cathodic  current  could  be  enhanced  at  a  higner 
rotating  speed  out  tne  scua-e  root  law  did  not  hold  here. 

In  the  following  Described  experiments,  a  polished  Pt  rotating 
disk  was  dipped  into  6.912  grams  of  fresh  lithium  chlorate.  Tne  anodic 
polarization  curve  was  taken  in  the  fresh  electrolyte  as  sno.v.n  in 
Figure  7.  After  2  50  and  450  micro  equivalents  discharged  from  the 
electrolyte  using  a  Mi  plate,  anodic  polarization  experiments  we-*e 
run  on  a  polished  Pt  rotating  disk  at  two  cifferent  rotating  speecs, 
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1300  rpm,  A  after  450  micro  equ 
450  micro  equivalents  dischargei 


iOOO  rp:n  and  1300  rpm.  The  limiting  car-rent  between  3.2  V  and  -.2 
V  plateaus  for  the  anodic  polarization  curves  followed  trie  square 
root  law. 

Cathodic  polarization  curves  on  Pt  in  either  fresh  lithiuum 
chlorate  or  after  450  micro  equivalents  discharged  are  shewn  -r.  Figure 
8  and  9  for  1000  rpm  and  1800  rpm.  Tne  cathodic  current  increased 
at  higher  rotating  speed  but  less  tnan/  , similar  tc  cathodic 
current  on  a  Ni  rotating  disk.  The  catnodic  limiting  current  decreased 
with  an  increase  in  the  extent  of  discharging. 

Tne  plateau,  appearing  oetween  4.0  and  4.5  V  of  tne  anodic 
polarization  curves  on  Pt  rotating  disks,  was  studied  fur tne-  in  tne 
following  experiments.  Vacuum  dried  ..id.  was  added  into  3.22  grans 
of  molten  litnium  cnlorate  step  oy  step;  tnerer'ore,  anodic  polarizaticn 
curves  at  different  _iCl  concentration  coJd  be  obtained  on  a  polished 
Pt  rotating  disk.  * t  an  analyzed  Lid  concentration  of  1.542  .<  IT  “ 
mole/  cm’,  polarization  experiments  were  conducted  at  two  different 
rotating  speeds,  1000  and  1300  rpm.  Two  limiting  currents,  SO  A 
and  120  uA  respectively,  were  observed  as  shown  in  Figure  10.  n. 
higher  concentration,  1.57-1  x  10"°  mole/ cm-,  tne  limiting  c.rr-nt 
increased  to  320  cA  at  a  rotating  soeed  of  100C  rpm.  when  tne  '.'trOn 
chlorate  was  saturated  with  Lid,  tne  :: citing  c.--e-t  •-c'-ecse:  t. 
1000  at  1000  rpm.  A  new  plateau  above  4.h  v  is  obse-*.-.-d  m  ;1 1 
cases. 

Tne  involvement  of  Li-.O  cnc  _;1‘  m  tn-  e  act-bcne»:  sal  -eacf 
on  the  positive  electrode  in  a  lithium  cnl  orate  .-.as  explored  further 
by  chemical  analysis  for  L iC  1  and  i_i70  ',5,.  7 ne  ’itm^"  cnlorate 
electrolyte  was  sampled  periodically  from  the  posit'  e  comp  a -trier  t 

1  * 


during  discharging  around  2.5  V  using  a  Ni  or  a  ?t  positive  electrode. 
The  sampled  electrolyte  was  then  analyzed.  The  results  are  summer-; zee 
in  Table  i.  It  was  found  that  about  20%  less  L^O  and  30%  more  UCI 
than  expected  based  on  Equation  (i)  were  created  during  discharging 
of  the  electrolyte. 

After  discharging  around  2.5  V,  charging  was  conducted  in 
the  electrolyte  using  a  Ni  or  a  Pt  electrode.  Charging  current  was 
adjusted  occasionally  to  keep  the  potential  between  3.0  and  3.8 
The  electrolyte  was  sampled  from  the  positive  compartment  after  charging 
and  analyzed  for  L^O  and  LiCl.  It  was  found  that  only  !_ io0  was  consumed 
during  changing,  see  Taole  2. 

Gassing  has  been  observed  during  charging  between  3.0  V  ana 
3.S  V  on  either  Ni  or  Pt  electrodes.  The  gas,  collected  from  the 
positive  compartment,  was  blown  through  oxygen  absorbent  to  analyze 
the  oxygen  content.  The  results  are  shown  in  Taole  3.  Based  on  the 
results  shown  in  Table  2  and  3,  it  is  believed  that  the  electrochemical 
reaction  occurring  on  the  positive  electrode  during  charging  between 
3.0  V  and  3.8  V  is  oxygen  evolution  from  Li90,  Equation  (2). 

When  charging  was  carried  out  between  4.4  V  and  4.7  V  on  a 
Ni  positive  electrode,  the  electrolytic  solution  became  dark  green 
in  color.  The  chemical  analysis  of  the  electrolyte  showed  that  ^i90 
and  UCI  were  neither  created  nor  consumed.  However,  after  dissolving 
the  electrolyte  and  tne  dark  green  precipitate  in  acid,  nickel  ions 
were  found  quantitatively  in  the  solution  using  an  atomic  adsorption 
spectrometer. 

When  charging  was  carried  out  between  4.0  V  and  4.5  V  on  a 
Pt  positive  electrode,  it  was  found  that  both  LiCl  and  Li90  were  consumed. 
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Summarized  Results  of  Chemical  Analysis 
After  Discharging  Using  a  Mi  cr  a  Pt  Electrode 


Type  of  Electrode 

— 

Mi 

M 

Pt  i 

Amount  of  UC1CU 

i 

in  the  oositiveJccrpartment 

5.CC51  cj 

4.63S 5  ~ 

D  ,  ! 

Amount  of  discharge 

1200  micro 

C  w  sj  Kj  1  •  1  C  I  L, 

SCO  micro  : 

equivalent 

equivalents 

equivalents  1 

Amount  of  L i o0  created 

476.93  micro  moles 

921.55  micro  moles 

242.33  micro  mole  ■ 

during  discharging 

/953.S6  micro)* 

/1343.10  micro)  * 

/-34.7c  micro)  *j 

\  equivalents/ 

\  equivalents  / 

\  equivalents/  i 

Amount  of  LiCl  created 

264.45  micro  moles 

EGG. 45  micro  moles 

123.?  “icrc  mole  1 

during  di scnarging 

/'15S6.70  micro)* 

(3002.70  micro)  * 

1113.-  m.'cro  \  *i 

L_ _ 

\  equivalents/ 

l  eoui val ents  / 

l  ecu'. val entsi  i 

★ 

converted  based  on  Equation  (1) 


Table  2 

Summarized  Results  of  Chemical  Analysis 
After  Charging  Using  a  Mi  or  a  Pt  Electrode  below  3.8 V 


Type  of  Electrode 

- 1 - 

Mi  '  Pt 

1 

Amount  of  Li  CIO., 

in  the  posi tive'ccnpartment 

i 

4.6005  g  ;  5.1933  g 

i  ! 

i 

Amount  of  charge 

i 

5CC  micro  i  437.15  micro 

equivalent  !  equivalent  j 

Amount  of  Li,0  consumed 
during  charging 

203.7  micro  moles 
/ 407.4  micro)'*' 

^equivalents/ 

- -  -  - 

i 

173.81  micro  moles 
/ 347. 52  micro)  *' 
^equivalents/  : 

Amount  of  LiCl  consumed 
during  charging 

■ 

— 

calculated  based  on  Equation  (2) 


Table  3 


The  results  of  oxygen  collection 
during  charging  between  3.0  and  3.8 V 


!  Tesci ng 
electroce 

Amount  of 
charge 

(micro  equivalents) 

Oxygen  contend 
in  the  collected 
(ml) 

• 

i 

gas  | 

I 

M  A 

,  1  i 

i 

2C0 

1 

! 

1.6 

! 

; 

1 . 2 

/ 195  micro  > 
^  equivalent, 

X 

r\ 

_ 

-uu 

i 

1 

i 

1 

_ L 

/  175  micro  ^ 
yequ i va 1 ents , 

X  1 

i 

i 

*  converted  based  on  Eauation  (2) 


Table 


Summarized  Results  of  Chemical  Results 
Charging  above  4.0  V  Using  a  Pt  Positive 


After 

Electrode 


Amount  of  LiClO^  in  the 
positive  electrode 

i  Amount  of  Charge 
! 


j  Charging  potential 


Amount  of  Li,0  consumed 
during  charging 


4.921  g 


600  micro 
equivalents 


4.0  to  4.6  V 


5.453  g 


600  micro 
equivalents 


above  4.6  V 


I  196.1  micro  moles  i  164.9  micro  moles 


l 

( 


| - 

|  Amount  of  LiCl  created 
or  consumed  during  chargi 


ng 


90.57  micro 
consumed 


no  i  e 


ii  micro 
created 


<1 

1 


mol  esj 

i 


n>  n> 


see  Table  4.  However,  during  emerging  abo/e  4.6  V,  L  i  3 '  'Is  create: 
as  Li90  is  consumed  or,  a  Ft  positive  electrode. 

Daring  charging  above  4.6  V  on  a  Pc  positive  electrode,  gas 
was  collected  and  analyzed  for  both  Cl?  and  0?.  From  the  results 
shown  in  Table  5,  it  was  observed  tnat  Cl?  was  evolved  quantitatively 
along  with  a  certain  quantity  of  oxygen  during  anodic  cnarg' ng  above 
4 . 6  V . 
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Oise  <  s  s  i  o  n 

From  Table  1,  it  is  proved  that  tne  catnodic  reaction  occurring 

on  a  positive  electrode,  Ni  or  Pt,  during  discharging  is  the  reduction 

of  LiCIO,  to  form  L'9C  and  LiCi,  Equation  (1). 

Li  CIO-  +  o  Li+  +  6  e  -  LiCl  +  3  Li,0  (1) 

u  c 

The  reason  that  less  Li-,0  is  shown  created  in  Taole  then  t.neore: i cal  1  j 

C. 

predicted  from  Faraday's  law  applied  to  Equation  (1)  mignt  be  associated 
with  tne  migration  of  oxide  ions  tnrougn  the  sintereG  glass  separator 


and  into  the  negative  compartment.  In  the  meantime,  more  _iCl  is 
found  tnan  expected  from  Faraday's  law  applied  to  tne  single  reaction 
of  Equation  (1).  The  decomposition  react' on  of  L i C 1 C to  _iCl  anc 
Oo  besioes  the  reaction  of  Equation  (1;  ta.<es  place  on  a  positive 
electrode  accounting  for  the  extra  UC1,  since  2.5  cc  of  oxygen  has 
oeen  collected  during  1125  micro  equivalents  discharged. 

During  charging  between  3.0  and  3.3  V,  oxygen  evolution  from 
L i 2°  occurs  on  a  Ni  or  Pt  positive  electrode,  see  Table  3. 

Li20  -  2  Li+  +  h  02  +  2  e'  (2) 

The  transition  between  the  second  and  the  third  plateau  in  anoaic 
polarization  curves  is  due  to  the  mass  transfer  control  of  li90  to 
the  rotating  disk,  since  the  limiting  current  increases  with  increase 


in  concentration  of  L^O.  The  diffusion  coefficient  in  molten  lithium 
chlorate  can  be  estimated  using  levich's  equation  (9). 

IL  =  0.62  n  F  A  D2/3v"1/6T1/2C  (5) 

where  IL,  the  limiting  current;  F,  the  Faraday  constant;  A,  the  disk 


area;  3,  the  diffusion  coefficient  of  L^O;  .  ,  the  kinematic  viscosity 
of  the  electrolyte;  fi,  the  angular  velocity  of  the  disk;  and  C,  the 


concentration  of  LijO.  The  n  is  equal  to  2  i n  this  case  since  two 
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electrons  are  given  up  by  each  Li  70  molecule  daring  cnarg’ng.  Tne 
a  can  be  calculated  using  the  equation  suggested  by  Campbell  et  al . 
(10)  for  pure  lithium  chlorate. 


v(cm~/sec)  •  !-579  alP 


-o 


7G13/RT 
e 

7  between  123°  and  170°C 
R  =  1.937  cal /a -mol 


(6) 


The  densities  of  lithium  chlorate,  ,  at  various  temperature,  are 
also  reported  by  Campbell  et  a'.  (11).  Accordingly,  tne  diffusion 
coefficient  of  li^O  in  lithium  chlorate  at  14 5°C  is  evaluated  from 
Figure  7  with  v  is  equal  to  0.116  cm-/sec.  The  diffusion  coefficient 
of  l_i90  at  various  limiting  current  and  measured  L.  1  ^0  concentration 


are  shown  below. 

D  =  1.40  x  10~7  cnr/sec  as  =  20  uA 
D  =  1.49  x  10-7  cm2/sec  as  IL  =  28  pA 
D  =  1.50  x  10"7  cm^/sec  as  I,  =  40  uA 
D  =  1.52  x  10"7  cm^/sec  .as  1^  =  54  ;.A 


uLi20  =  3.221  x  10"*  m.oie/cr, 
cLi 20  -  3.221  x  10'5  mole/ cm3 
C L i 2 2)  =  6.135  x  10’5  mole/ cm3 
CLi 20  =  6.135  x  10'°  mol  e/cm3 


The  small  value  of  these  diffusion  coefficients  is  due  to  the  high 
viscosity  of  molten  salt  compared  to  aqueous  solution,  since  diffusion 
coefficients  times  viscosity  is  a  constant  i.e.  Walton's  rule.  Tnese 
four  diffusion  coefficient  deviate  less  than  3«  from  each  other  implying 
that  the  L i 20  is  indeed  the  diffusion  limiting  species. 

In  Figure  5,  it  is  shown  that  the  limiting  current  reaches 
a  constant  value  of  290  uA,  after  630  micro  equivalents  were  discnarged. 
It  is  believed  that  this  constant  value  is  associated  with  the  saturated 
concentrati on  of  L i 20  in  lithium  chlorate.  Therefore,  the  solubility 
of  L 1 2 0  in  lithium  chlorate  can  be  evaluated  from  Equation  (5)  to 
be  7.5  x  10" 5  mole/cm^  using  the  average  diffusion  coefficient  of 
U9O,  i.e.,  1.43  x  10"7  cm2/sec. 
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In  Figure  10,  i c  was  observed  tnat  the  length  of  tne  plateau 
between  4.0  and  4.5  V  on  Pt  rotating  disks  is  proportional  to  tne 
concentration  or  L i C 1  in  electrolyte.  Therefore,  it  is  believed  tnat 
chlorine  evolution  fran  LiCl  takes  place  on  Pt  electrodes  during  charging 
between  4.0  and  4.6  V. 

LiCl-'Li+*;sCl9  +  e//-\  \  3 } 

E°  =  3:976V  v  ;  (relative  to  Li  ref.  electrode) 

The  limiting  current,  observed  in  Figure  10,  is  apparently  due  to 
the  mass  transfer  limitation  of  Li C 1  to  Pt  rotating  disks.  Accordingly, 
the  diffusion  coefficient  of  LiCl  in  the  electrolyte  cculd  be  estimated 


from  Equation  (5).  At  different  LiCl  concentration  and  limiting  current, 
the  diffusion  coefficients  are  listed  below. 

D  =  3.50  x  10" 7  cmVsec  as  IL  =  90  ;;A  CLiC]  =  1.542  x  :c'>.cle/cm 
D  =  3.56  x  10'/  cm2/sec  as  I,  =  110  bA  CLiC1  =  1.542  x  10"rmole/cm 
0  =  3.C4  x  10"7  cmVsec  as  I.  =  $20  A  C.  ,r1  =  1.574  x  iC"3mole/cm 


The  small  value  of  these  diffusion  coefficients  is  again  due  to  the 
high  viscosity  of  molten  salt  conpared  to  aqueous  solution.  The  aggreement 
between  these  results  with  a  standard  deviation  of  0.255  supports 
the  conclusion  that  LiCl  is  the  limiting  diffusion  reactant  for  tne 
third  charging  plateau. 

The  solubility  of  LiCl  in  lithium  chlorate  can  be  estimated 
using  the  limiting  current  shown  in  Figure  10.  'when  the  electrolyte 
was  saturated,  a  limiting  current  of  1000  cA  was  observed.  Using 
the  average  diffusion  coefficient  of  LiCl  in  lithium  chlorate,  the 
solubility  of  LiCl  in  lithium  chlorate  is  1.73  x  10'^  moie/cnr  at 
145°C.  In  Table  4,  it  shows  that  L^O  was  also  consumed  during  cnarging 
between  4.0  and  4.6  V  at  the  Pt  electrode.  This  could  be  interpreted 
as  follows.  Since  the  charging  potential  employed  is  nigner  tnan 


oxygen  evolution  potential,  the  oxygen  evolution  occurring  at  about 
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3.4  V  muse  be  running  at  its  limiting  current  during  tne  ent'^e  cra^ging. 
In  addition,  the  replacement  reaction  between  L i 2^  ana  Cl9  consumes 
U2O  to  reform  LiCl . 

Li?0  +  Cl?  -  2  LiCl  +  0  (7) 

LG  =  -49.5  ,<cal /mole  (6) 

This  also  explains  wny  in  Table  4  less  LiCl  was  consumed  than  expected 
based  or  Faraaay’s  law. 

In  Table  5,  the  results  show  that  oxygen  along  with  chlorine 
is  evolved  from  the  Pt  electrode  during  charging  above  4.5  V.  For 
instance,  3.30  cc  or  150  micro  mole  (500  micro  equivalents)  of  oxygen 
was  collected  in  run  number  2  while  150  micro  equivalents  was  cnarged 
ir  at  4.7?  V.  If  oxygen  is  evolved  from  Li90,  tnat  much  09  is  not 

i-  w 

expected.  Therefore,  it  is  believed  that  both  chlorine  arc  oxygen 
are  evolved  from  lithium  chlorate  during  charging  above  4.6  V. 

Lici03 — >  Li+  +  Jj  Cl 2  +  %  02  +  e"  (4) 

Part  of  tne  chlorine  gas  evolved  will  react  with  L^O  to  form  LiCl 
and  O2.  This  replacement  reaction,  Equation  (7),  lowers  the  concentration 
of  L i 2O  and  creates  LiCl.  Since  chlorine  evolution  from  LiCl  is  also 
occurring  at  its  limiting  current  when  charging  above  4.5  V,  LiCl 
is  created  and  consumed  simultaneously  by  different  reactions  during 
charging.  This  explains  why  only  80  micro  moles  of  LiCl  were  created 
while  165  micro  moles  of  Li^O  were  consumed  (Table  4). 

Chlorine  evolution  is  not  observed  on  Ni  although  a  charging 
plateau  around  4.6  V  for  a  Mi  rotating  disk  appears.  From  chemical 
analysis,  it  is  found  that  Ni  is  oxidized  to  NiO  during  charging  above 
4.6  V. 

The  first  charging  plateau,  observed  on  a  Ni  rotating  disk 
in  Figure  3,  appears  at  a  potential  close  to  the  standard  potential 
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trar.spassive 


log  I 


10^  T  6LiT  + 


ce 


11.  The  change  of  mixed  potential  of 
Molten  Lithium  Chlorate. 


of  the  Ni  electrode. 

Ni  -  *ii+2  +  2  e7?x  (3; 

E°  =  2.799V  '  1  (relative  to  Li  ref.  electroae} 

Therefore,  it  is  believed  that  the  first  charging  plateau  is  due  to 

Ni  dissolution  and  the  third  plateau  is  propably  in  the  transpassive 

region.  The  mechanism  of  Ni  passivation  is  described  as  follows. 

As  a  polished  Ni  electrode  is  dipped  into  fresh  molten  lithium 
chlorate,  a  thin  NiO  film  is  believed  to  form  on  tne  surface  of  tne 
Ni.  This  film  could  reduce  the  active  area  for  Ni  oissoluti on  ana 
shift  Ni  dissolution  curve  i  to  ii  as  shown  in  Figure  11.  Then  the 
mixed  potential  would  be  switched  from  (a),  in  Figure  11,  to  (b)  or 
(c).  The  points  (b)  and  (c)  are  the  intersections  of  curve  (iv)  for 
lithium  chlorate  reduction  with  curve  ii  for  Ni  dissolution  and  curve 
vi  for  oxygen  evolution,  respectively.  A  mixed  potential  a;  point 
(b)  or  (c)  implies  that  Ni  is  passivated  and  the  first  charge  plateau 
for  nickel  dissolution  is  no  longer  seen  on  the  Ni  rotating  disk, 
(see  Figure  1) . 

Lithium  oxide  and  lithium  chloride  are  formed  in  the  molten 
litnium  cnlorate  during  discharge  using  Ni  plates.  As  discharge  goes 
on,  Li-,0  will  start  to  precipitate  on  the  electrode  after  the  electrolyte 
is  saturated  with  LUO.  This  L^O  precipitate  could  reduce  the  active 
area  for  litnium  chlorate  reduction  and  move  curve  iv  graoually  toward 
curve  /.  Finally,  the  cathodic  curve  v  for  lithium  chlorate  reduction 
will  intersect  the  Ni  dissolution  curve  ii  in  its  active  region,  namely, 
point  (d)  in  Figure  11,  and  reactivate  nickel  dissolution. 

When  the  nickel  is  reactivated,  the  first  charging  plateau 
appears  again.  As  shown  in  Figure  2,  after  1000  micro  equivalents 
discharged  frcrr.  lithium  chlorate,  the  first  charging  plateau  was  observed 
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for  a  rotating  disk. 

Tne  reactivated  Ni  is  then  reacting  with  molten  lithium  cnl orate 
to  form  a  more  complete  nickel  oxide  protective  film.  Eventually, 
the  Ni  will  be  passivated  again,  and  the  Ni  dissolution  curve  is  shifted 
to  iii  in  Figure  11.  Since  more  Li,0  is  present  in  the  electrolyte 
after  discharging  the  lithium  chlorate,  the  oxygen  evolution  curve 
is  also  shifted  from  vi  to  vii.  Therefore,  the  mixed  detention  switches 
to  the  intersection  of  curve  ii  and  vii,  i.e.  point  (e)  in  Figure 
11.  This  could  explain  the  disappearance  of  the  first  charging  plateau 
after  hot  stand,  see  Figure  3. 

Pure  lithium  works  to  some  extent  as  a  Li  negative  electrode. 
Tne  dendrite  proDlem  occurring  on  a  pure  Li  negative  electrode  is 
serious.  It  might  be  solved  using  a  lithium  alloy  such  as  Li-Al  (12). 
The  corrosion  reaction  between  Li  and  molten  lithium  chlorate  is  estimated 
to  be  higner  than  0.3mA/cm^  as  Li^O  and  Li  Cl  are  formed.  No  way  to 
control  tnis  corrosion  while  the  LiClO^  is  molten  is  now  known.  Therefore, 
if  lithium  chlorate  is  to  be  used  as  electrolyte  in  a  lithium  battery 
system,  room  temperature  storage  as  a  solid  will  be  necessary  to  limit 
the  corrosion  reaction.  The  calorimetric  data  on  lithium  chlorate, 
given  by  Campbell  et  al .  (10),  suggests  that  5491  cal/mole  is  needed 
for  one  mole  of  lithium  chlorate  to  raise  the  temperature  from  25° 
to  145°C. 

Conclusion 

3ased  on  the  experimental  results,  it  is  known  that  lithium 
chlorate  is  stable  in  the  potential  range  between  3.2  V  and  4.6  V. 
Above  4.6  V,  lithium  chlorate  will  degrade  to  O2,  Cl;?,  and  Li+  during 
charging.  Below  3.2  V,  lithium  chlorate  will  reduce  to  LiCl  and  U^O. 
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Therefore,  lithium  chlorate  can  bo  used  as  the  inert  electrolyte  of 
a  lithium  secondary  battery  only  if  tne  operating  potential  is  between 
3.2  V  and  4.6  V.  The  C 1 -/C 1 2  half  cell  operates  in  this  potential 
region  on  platinum. 

A  L i - L i C 1 0 2  primary  battery  system  is  possible,  with  an  energy 
density  of  3S9S  Wh/kq  based  on  a  discharge  potential  of  3.2  V,  the 
lithium  chlorate  primary  battery  is  theoretically  one  of  the  highest 
specific  energy  primary  batteries  available. 
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